ABSTRACT: Cereal grains represent 30 to 60% of the DM of many companion animal diets. Once incorporated into a diet, the starch component of these grains can provide an excellent source of ME. However, crystallinity and form of starch are variable and can cause incomplete digestion within the gastrointestinal tract. Diets fed in this experiment included one of six high-starch flours as the main source of carbohydrate. The flours originated from barley, corn, potato, rice, sorghum, and wheat. The diets were extruded and kibbled. Starch fraction concentrations of flours consisted of nearly 100% rapidly digestible starch (RDS) and slowly digestible starch (SDS) combined. Starch fraction concentrations of diets paralleled concentrations in flours. Flours varied widely in concentrations of CP, fat, starch, and total dietary fiber. Ileal OM and CP digestibilities were lowest for the potato flour treatment (74 and 64%, respectively). Ileal and total tract starch digestibilities were different ( P < .05) among treatments; however, the starch component of all diets was nearly completely digested (> 99%). Total tract digestibility of DM and OM was lowest for sorghum (80 and 84%, respectively) compared to all other diets. Crude protein digestibility was highest for corn (87%). Wet fecal weights tended ( P < .08) to be greatest for dogs fed the barley treatment (175 g/d). However, dry fecal weights (dried at 55°C ) were greatest for dogs consuming the sorghum diet (51 g/ d). Fecal scores were consistently greater (i.e., looser stools) for the barley treatment. Any of these flours could be used without negative effects on digestion at either the ileum or in the total tract. Fecal consistency data for dogs consuming the barley treatment indicate that diets containing large amounts (> 50%) of barley may not be advantageous for dog owners who house their animals indoors for most of the day.
Introduction
Carbohydrates constitute the main source of energy for many body functions and are necessary for the metabolism of other nutrients. They are the most abundant class of organic compounds found in nature, mainly as components of plant material. Starch is abundant in the seeds of cereals and tubers and represents approximately 70 to 80% of the weight of the grain.
Several investigators (Fleming and Vose, 1979; Fadel et al., 1989; Kienzle, 1993) demonstrated that digestibility of starch increases with cooking or processing. However, the difference in utilization and digestion of the starch component of cereal grains when incorporated into the diets of dogs has not been extensively researched, even though the majority of dog diets in the United States are extruded as part of their preparation. Moore et al. (1980) reported that mean starch digestibilities of rice, oats, and corn in plant-based diets fed to dogs were well above 90%; rice starch had the greatest digestibility. Some variation exists among different grain sources due to differences in their chemical and physical properties. In addition, the rate of starch digestion in vivo is highly dependent on crystallinity and form (Heaton et al., 1988) .
Knowing the effects on nutrient digestibility and energy availability of the starch in selected cereal flours would greatly benefit pet food formulators that have access to these ingredients and may be interested in preparing diets using alternative starch sources. Therefore, the objectives of this study were 1 ) to quantify the amounts of starch fractions in cereal flours alone and as part of an extruded dog diet and 2 ) to determine the effects of selected cereal flours on nutrient intakes, digestion before the terminal ileum, and total tract digestibilities by dogs. b Barley flour diet (26.4%), corn flour diet (34.3%), potato flour diet (27.6%), rice flour diet (32.5%), sorghum flour diet (33.6%), and wheat flour diet (27.9%).
c Barley flour diet (11.7%), corn flour diet (12.2%), potato flour diet (12.0%), rice flour diet (13.4%), sorghum flour diet (12.4%), and wheat flour diet (13.1%). 
Experimental Procedures
Animals and Diets. Six purpose-bred mature female dogs with hound bloodlines and an average weight of 31 ± 5 kg and age of 3 yr ± 6 mo were surgically implanted with an ileal cannula and used in a 6 × 6 Latin square design. Ileal cannulation was conducted according to Walker et al. (1994) . Surgical and animal care procedures for the experiment were conducted under a research protocol approved by the Campus Animal Care Advisory Committee, University of Illinois, Urbana. Dogs were allowed a minimum of 2 wk of recovery before the experiment began. The dogs were housed in 1.2-× 3.1-m pens with clean floors in a temperature-controlled room. A 12-h dark:12-h light cycle was used. Six diets were tested; the ingredient composition of the six diets is reported in (AOAC, 1984) . Total lipid content was determined by acid hydrolysis followed by ether extraction according to AACC (1983) and Budde (1952) . Diets were analyzed for total starch content using the method of Thivend et al. (1972) . Starch fractions, rapidly digestible starch ( RDS) , slowly digestible starch ( SDS) , and resistant starch ( RS) , of the flours and diets were determined using the method of O'Dea (1992, 1993) . Starch fraction concentrations are determined after starch sources have been incubated in an enzyme solution containing a-amylase and amyloglucosidase enzymes (4:1) for 2.5, 15, and 24 h. Diets also were analyzed for total dietary fiber (TDF) using the method of Prosky et al. (1984) . Chromium in ileal effluent and feces was analyzed according to Williams et al. (1962) . Concentrations of chromium were measured using an atomic absorption spectrophotometer (Model 2380, Perkin-Elmer Corp., Norwalk, CT). Dry matter, OM, ash, CP, lipid, starch, and TDF analyses were performed on the six original flours (barley, corn, potato, rice, sorghum, and wheat) incorporated into the extruded and kibbled diets. For all laboratory analyses, samples were analyzed in duplicate, and analyses were repeated if a deviation greater than 5% between duplicates occurred.
Fecal Scoring. Fecal samples were scored when collected from the floor of the pen for each dog, during each period, according to the following system: 1 = hard, dry pellets with small, hard mass; 2 = hard, formed, dry stool that remained firm and soft; 3 = soft, formed, moist with softer stool that retained shape; 4 = soft, unformed stool that assumed shape of container, pudding-like; 5 = a watery liquid that could be poured.
Statistical Analyses. Data were analyzed as a 6 × 6
Latin square design with the General Linear Models procedures of SAS (1989) . Model sums of squares were separated into treatment, period, and animal effects. During compositing and grinding of the samples, one fecal sample for the second period was lost. When significant ( P < .05) differences were detected for nutrient intakes, ileal nutrient digestibilities, and apparent total tract nutrient digestibilities, individual means were compared with the least squares means method of SAS (1989).
Results and Discussion
Chemical Composition. The chemical composition of the cereal flours is reported in Table 2 . Dry matter concentrations were similar among flours, with the exception of the potato flour, which was approximately two percentage units higher. Organic matter concentrations were highest for corn, rice, sorghum, and wheat; barley was intermediate, and potato was lowest in OM content. Crude protein concentrations were approximately 27% higher for barley and wheat flours compared with potato, rice, and sorghum and were approximately 55% higher in CP compared with corn flour. Fat concentrations were similar among flours except for barley, which was approximately two percentage units higher. Starch content of the flours was similar for corn, rice, and sorghum; these sources were approximately 13% higher in starch than potato and wheat and approximately 40% higher than barley, which was lowest in starch content. Total dietary fiber was highest for barley flour, next highest for potato, and lowest for rice. The difference in TDF reflects the compositional differences among the flours. For instance, the high level of fiber in the barley flour may be accounted for, in part, by increased levels of bglucans, a soluble fiber source, present in the grain (Liljeberg et al., 1996) . Chemical composition of cereal flours compared with their ground grain counterparts can vary considerably. According to Hoseney (1994) , grain flours are made up primarily of two components, protein and starch, whereas ground grains can contain the pericarp, aleurone layers, and germ portions of the grain, thus providing additional components such as lipid, fiber, and ash. Extraction of flours from their intact counterparts relies heavily on milling and processing techniques.
The chemical composition of the experimental diets is reported in diets exhibited the lowest TDF concentrations. Differences in chemical composition among dietary treatments can be attributed, in part, to the variation in composition of the flours used as sources of starch. These differences resulted in the use of starch sources at distinct levels (Table 1) . Varying amounts of the other ingredients were used to balance the diets. As a result, experimental diets were manufactured to contain as little variation in nutrient concentration as possible.
Nutrient Intake. Nutrient intake data are reported in Table 4 . Intakes of DM, OM, fat, and starch did not differ among treatments. However, fat intake tended ( P < .10) to be approximately 10% lower for dogs fed the barley and potato diets than for dogs fed any other diets. This parallels fat concentrations of the diets (Table 3) : the barley and potato diets contained lower levels of fat. Crude protein intake was approximately 19% higher ( P < .05) for dogs consuming the sorghum diet than for those consuming barley, potato, rice, or wheat, but it did not differ significantly from CP intake of dogs fed corn. Consumption of the barley, potato, or sorghum diets by dogs resulted in approximately 39% higher ( P < .05) TDF intakes. This reflects the elevated TDF concentrations of these flours reported in Table 2 .
Ileal Digestibility. Ileal DM digestibility tended ( P < .06) to be lowest for dogs consuming the potato diet (Table 4) . When dogs consumed corn, barley, rice, or sorghum treatments, ileal DM digestibility was 11% higher than for the potato diet; however, dogs exhibited the highest DM digestibility at the ileum (81.2%) when fed the wheat treatment. Ileal OM digestibility paralleled DM digestibility and was lowest ( P < .05) for the potato treatment compared with the barley, rice, and wheat treatments. Ileal digestibility of CP was lowest for dogs fed the corn and potato diets and was similar for dogs fed barley, rice, sorghum, and wheat treatments. Statistically, CP digestibility by dogs consuming the potato diet was similar to that of dogs consuming the corn diet, but it was approximately 19% lower compared with all other treatments. Differences in digestibility may be attributable to structural differences in the protein-starch matrix of the flours. Hoseney (1994) suggested that bonds formed between the protein and starch components of corn and sorghum grains are quite strong, because addition of water during wetmilling does not allow for a good separation of protein and starch components. This is in contrast to wheat, in which the protein component can be easily separated after the flour is treated with water; this may allow for greater exposure of the starch for digestion. Crude protein digestibility at the ileum was numerically highest for dogs fed the wheat treatment, which supports this hypothesis.
Fat digestibilities at the ileum ranged from 89.8 to 94.2%, with no statistical differences noted among treatments. Morrison (1978) reported that the lipid profiles of most cereal grains are different. This variation may have resulted in the slight changes in fat digestibility found at the ileum of dogs in the present study.
Starch digestibilities at the ileum were significantly different among diets, but the starch component of all diets was nearly completely digested (> 99% for all diets). Therefore, the differences have little biological significance. These findings are supported by ileal starch digestibilities (> 98%) of dogs fed diets containing 67% extruded corn, rice, or barley as reported by Walker et al. (1994) . However, starch from a wide variety of sources is purported to be incompletely digested in the small intestine (Englyst et al., 1993) . These workers introduced the following nutritional classification of starch: 1 ) rapidly digestible starch is the starch that is likely to be rapidly and completely digested and absorbed in the small intestine, 2 ) slowly digestible starch is starch that is likely to be completely digested in the small intestine, but at a slower rate than RDS, and 3 ) resistant starch is starch that is likely to resist digestion in the small intestine and become available for fermentation in the large intestine. Most starchy foods contain starch that belongs to two, if not all three, of these starch categories, but in much different proportions. Cooked starchy foods that have an open structure, such as bread and potatoes, contain mostly RDS. Foods such as beans and pasta that have a protected particulate structure contain SDS in substantial amounts. The amount of RS in a food is dependent on the origin and form of the starchy food as well as the conditions under which it has been processed.
Flours incorporated into our experimental diets varied widely in percentage of starch found as each of these three fractions. Table 5 reports the starch fraction concentrations contained in each flour source, as well as the percentage of total starch each fraction represents. These starch levels closely parallel total starch values reported in Table 2 . For example, the total starch value for barley was 61.0% when analyzed using the method of Thivend et al. (1972) , compared to 58.8% using the method of O'Dea (1992, 1993) . Flours contained approximately 97% of their total starch as RDS and SDS combined. Even potato flour, which had been reported to contain large amounts of resistant starch (Englyst et al., 1992) , contained a majority of its starch as RDS. This is perhaps the result of reorganization of its starch moiety due to the steam processing used to make the flour. However, sorghum and wheat flours differed from all others by containing approximately 70% of their total starch in the RDS form and 27% in the SDS form. Table 6 reports starch fraction concentrations for the experimental diets. The total of the three starch fractions for each treatment paralleled total starch values for each diet reported in Table 3 . Just as was noted for the high-starch flours, diets contained approximately 97% of their total starch content as RDS and SDS combined, thus supporting ileal digesti- Table 7 . Fecal characteristics of ileally cannulated dogs (n = 6) fed diets containing grain flours a Wheat data based on n = 5. b Fecal samples were scored according to the following system: 1 = hard, dry pellets with small, hard mass; 2 = hard, formed, dry stool that remained firm and soft; 3 = soft, formed, moist with softer stool that retained shape; 4 = soft, unformed stool that assumed shape of container, pudding-like; 5 = a watery liquid that could be poured.
c,d,e Means in the same row not sharing common superscript letters differ ( P < .05). bility results for starch. As a result, the remaining undigested starch at the ileum, although small, may be attributed to the RS fraction present in the diets. Uniquely, the sorghum diet was different in that it contained approximately 26 percentage units more SDS than the other diets. Total dietary fiber digestibilities at the ileum (Table 4 ) were not significantly different among treatments but were numerically highest for dogs consuming the rice diet and lowest for dogs consuming the potato diet.
The most notable results in the ileal digestibility data were the decreases in nutrient digestibility observed when dogs consumed the potato starch treatment. This decrease in digestibility may be a result of increased viscosity of the digesta as they passed through the small intestine. Galliard and Bowler (1987) demonstrated that differences occur in the viscous nature of individual cereal starches. Potato starch rapidly increases its viscosity within a very short processing period. As extrusion of the diets occurred, the potato starch may have been restructured in such a way as to limit exposure of other nutrients to essential digestive enzymes. The use of barley also can result in very viscous digesta due to high levels of b-glucans. However, Ostergard et al. (1989) reported that glucan compounds within finely ground barley grain may be altered during extrusion cooking. Nutrient digestibilities at the terminal ileum of dogs consuming the barley diet were not decreased, thus supporting the hypothesis that the glucans were altered as a result of processing.
Total Tract Digestibility. Dry matter digestibility was lowest ( P < .05) for dogs fed the sorghum diet compared with all other treatments (Table 4) , and total tract OM digestion followed similar trends. Digestibilities of CP in the total tract vs the small intestine (e.g., at the ileum) increased an average of 17 percentage units for dogs consuming the corn or potato diets, 8 percentage units for those consuming the rice or sorghum treatments, and 3 percentage units for dogs consuming the barley or wheat diets. Although the contribution of CP by cereal grain flours was small compared with poultry by-product meal, these data reiterate the effects that viscosity and, to some degree, differences in protein-starch matrices of cereal flours may have had on enzymatic digestion in the small intestine. Statistically, total tract CP digestibility of the corn diet was approximately 3.5 percentage units higher ( P < .05) than that of the barley, potato, or sorghum diets. Fat digestibilities were high (92 to 94%) and similar across treatments, and results agree with those of Kendall et al. (1982) . Total tract starch digestibility paralleled digestion of starch at the terminal ileum. Despite lack of statistical differences due to high standard errors, TDF digestibility was highest for barley and potato (41.7 and 36.6%, respectively), intermediate for rice (24%), and lowest (approximately 15%) for the remaining three treatments. Fadel et al. (1988) reported a shift from insoluble nonstarch polysaccharide ( NSP) to soluble NSP as a result of extrusion of barley. This resulted in a 13% increase in large bowel digestion of insoluble NSP when extruded barley was fed to ileally cannulated pigs. This same shift in fiber fraction may be partially responsible for the noticeable increase in total tract TDF digestibility by our dogs fed the barley flour treatment.
Fecal Characteristics. Wet weight (as-is), fecal dry weight, fecal DM (55°C), and fecal score data are presented in Table 7 . Fecal wet weights for dogs fed the barley diet were approximately 32% higher than the average of fecal wet weights of dogs consuming any of the remaining treatments. These numbers indicate the ability of the soluble fiber fraction found in the barley diet to adsorb moisture and, therefore, produce a more voluminous stool. Dogs consuming the sorghum treatment had approximately 26% greater ( P < .05) fecal dry weights than dogs on all other treatments, reflecting the lower digestibilities of DM and OM. The DM content of feces of dogs fed the barley diet was approximately 17% less than for all other treatments. Consumption of the barley diet resulted in a consistently higher fecal score, indicating looser stools. Although some dogs produced feces of optimal score when consuming this diet, an occasional ranking of 4 (soft, pudding-like, and unformed) was recorded. The incidence of the unformed stools is of significance to both the dog and the owner. First, too much barley in a dog's diet (> 50%, the level used in the present study) may cause further or greater occurrence of loose stools and perhaps the onset of diarrhea. Second, this result may lend itself to loss of necessary electrolytes as well as to alteration of fluid balance in these animals. Finally, the increased incidence of loose stools is detrimental to the dog owner, who has the ultimate responsibility for proper care of the animal.
Implications
Any of several flour sources tested may be used in dog diets without large negative effects on digestion at either the terminal ileum or in the total gastrointestinal tract. Consistency of feces from dogs fed a barley diet indicates that a diet containing high amounts (> 50%) of barley flour may not be desirable for dog owners who house their pets indoors for most of the day.
